Phytophthora ramorum and Phytophthora sojae are destructive plant pathogens. P. sojae has a narrow host range, whereas P. ramorum has a wide host range. A global proteomics comparison of the vegetative (mycelium) and infective (germinating cyst) life stages of P. sojae and P. ramorum was conducted to identify candidate proteins involved in host range, early infection, and vegetative growth. Sixty-two candidates for early infection, 26 candidates for vegetative growth, and numerous proteins that may be involved in defining host specificity were identified. In addition, common life stage proteomic trends between the organisms were observed. In mycelia, proteins involved in transport and metabolism of amino acids, carbohydrates, and other small molecules were up-regulated. In the germinating cysts, up-regulated proteins associated with lipid transport and metabolism, cytoskeleton, and protein synthesis were observed. It appears that the germinating cyst catabolizes lipid reserves through the ␤-oxidation pathway to drive the extensive protein synthesis necessary to produce the germ tube and initiate infection. Once inside the host, the pathogen switches to vegetative growth in which energy is derived from glycolysis and utilized for synthesis of amino acids and other molecules that assist survival in the plant tissue. Molecular & Cellular Proteomics 7:1501-1516, 2008.
Organisms of the genus Phytophthora are destructive plant pathogens capable of infecting many agriculturally and ornamentally important crops (1) . To date, there are over 80 recognized species of Phytophthora. Although some Phytophthora species are able to infect a broad range of host plants, others are limited to a single host. Phytophthora ramorum and Phytophthora sojae are examples of each of these groups, respectively. The recently characterized P. ramorum is the causal agent of sudden oak death disease (2, 3) . In addition to its destructive effect on live oak trees, as currently unfolding in forests in California and Oregon, P. ramorum is capable of infecting a wide range of trees and shrubs, such as bay laurel and viburnum (4) . On the other hand, P. sojae, the causal agent of soybean root and stem rot, has a very narrow host range. Races of P. sojae are cultivar-specific with certain P. sojae isolates only infecting certain varieties of soybean (1) .
The genomes of P. sojae and P. ramorum have been sequenced recently (5) . The genome of P. sojae is 95 Mbp and predicted to encode 19,027 genes, whereas the genome of P. ramorum is 65 Mbp and predicted to encode 15,743 genes. When compared with one another, the two organisms have a high degree of orthology and synteny between their genomes (5, 6) . Thus, despite the similarity between the two organisms, there are obviously specific differences that define the organisms in terms of their unique properties. One aim of this study was to identify candidate proteins that might be involved in host range capacity. This was achieved by comparing the expressed proteomes of P. sojae and P. ramorum and identifying differences between them.
Phytophthora species are capable of reproducing sexually and asexually. During the sexual life cycle oospores, the sexual spores, are produced. Oospores have thick cell walls and can survive in the soil for years, thus allowing reinfection of their host plant in subsequent growing seasons. However, because the oospores require a dormancy period of several weeks before germination, it is the asexual life cycle that is responsible for rapid propagation and spread of the disease in the field or forest. During the asexual life cycle, the organism is able to differentiate into different life stages including mycelium, sporangium, zoospore, cyst, and germinating cyst (Fig. 1) .
Infection of a plant can be initiated when a zoospore, a motile kidney-shaped biflagellated cell, interacts with a compatible plant host. Upon contact with the plant host the zoos-pore sheds its flagella, encysts, and adheres. Shortly after encystment the cyst germinates by producing a germ tube that penetrates the host tissue directly or through wounds or natural openings. Once inside the plant, the pathogen grows and ramifies through the plant tissue as mycelium, the vegetative growth life stage of Phytophthora. In a compatible interaction the initial growth of the mycelium in the plant tissue is biotrophic where the pathogen evades the plant defense responses. Later growth is switched to necrotrophic, and the plant tissue is destroyed. A second aim of this study was to identify candidate proteins involved in initiation of infection. This was achieved by comparing the proteomes of the germinating cyst and the mycelium life stages for both organisms.
Proteomics investigation of the mycelium and germinating cyst life stages from P. sojae and P. ramorum was carried out using multidimensional protein identification technology (MudPIT) 1 (7) . Because this technique provides a relatively unbiased way to rapidly characterize a more significant portion of the proteome than two-dimensional gel electrophoresis, it has been used extensively on many organisms (i.e. Refs. [7] [8] [9] [10] . Several groups compared the identified proteomes of an organism grown under different treatments (comparative proteomics) to elucidate biological responses to these treatments (11) (12) (13) . Comparative proteomics was also applied to different life stages of eukaryotic organisms to gain insight to 1 The abbreviations used are: MudPIT, multidimensional protein identification technology; NSAF, normalized spectral abundance factor; GO, Gene Ontology; KOG, Eukaryotic Orthologous Groups; ID, identity; BLAST, Basic Local Alignment Search Tool; EGF, epidermal growth factor; SIG, sexually induced gene; PLD, phospholipase D; CRN, crinkling-and necrosis-inducing protein; CBEL, cellulose-binding elicitor lectin.
FIG. 1.
The asexual life cycle of Phytophthora. Scanning electron micrographs of asexual life stages of P. ramorum are shown. Motile biflagellated zoospores (a) swim chemotactically toward its plant host. Upon contact with the plant (or shaking in the laboratory) the zoospore sheds its flagella and encysts (b). The cyst germinates (c), and the germ tube penetrates into the plant tissue where it starts growing vegetatively through the plant tissue as mycelium (d). The mycelium can grow out of the plant tissue where, under appropriate stimulation, its terminal ends can differentiate into sporangia (e), which are structures containing multiple nuclei that can differentiate into zoospores. Zoospores can then be released from the sporangia and repeat the cycle. Micrographs were supplied courtesy of Dr. Edwin R. Florance, Lewis & Clark College, Portland, OR. their life cycle (14, 15) . Here we present an approach incorporating comparative proteomics with orthology to investigate cellular processes in closely related organisms. The rationale is that orthologous proteins that are up-regulated in a certain life stage in both organisms may be specifically involved in that life stage, whereas proteins with no similarly expressed orthologs, or with no orthologs at all, may contribute specific functions to that organism. In our case, orthologous proteins that were up-regulated in germinating cyst both in P. sojae and P. ramorum were identified as candidates involved in cyst germination and therefore may be involved in early infection. Orthologous protein pairs that were up-regulated in mycelium were identified as candidates important for vegetative growth. Proteins expressed uniquely in P. ramorum were identified as candidates allowing its broad host range capacity, whereas uniquely expressed P. sojae proteins were identified as candidates for defining its narrow host range. In addition, the methodological approach presented here includes use of orthology and a variety of novel bioinformatics strategies to analyze the data and represents a step forward in the analysis of proteomics data from closely related species.
EXPERIMENTAL PROCEDURES

Phytophthora Cell Culture, Life Stage Isolation, Lysate Preparation, and LC/LC-MS/MS
Analysis-Cell tissue was prepared as described previously (16) . Briefly mycelia were generated by growing P. sojae strain P6497 (University of California, Riverside) and P. ramorum strain LT191 (University of California, Riverside) in clarified antibioticamended V8 juice broth. Asexual sporangia and zoospores were generated by growing P. sojae and P. ramorum on antibioticamended V8 agar plates according to standard protocols (1). Zoospores were stimulated to encyst by vigorous shaking for 1-2 min and then waiting ϳ1 h before harvesting the germinating cysts. The mycelium and germinating cyst were freeze-dried and ground using glass beads.
Lysates were fractionated to membrane and soluble fractions by centrifugation, and the soluble fractions were digested with trypsin after denaturation, reduction, and alkylation as described previously (16) . Filtered and acidified samples were then loaded off line on a biphasic 150-m-inner diameter fused silica column containing 3-3.5 cm of C 18 reverse phase material followed by 3.5-4 cm of strong cation exchange phase. Loaded columns were placed directly upstream of a 100-m-inner diameter front column packed with 15 cm of C 18 reverse phase material. Samples were analyzed by 11-step MudPIT (LC/LC-MS/MS) on a linear ion trap mass spectrometer (LTQ, ThermoElectron, San Jose, CA) as described previously (16) . Flow rate at the tip was ϳ200 -300 nl/min.
Informatics-MS/MS spectra from RAW files of MudPIT experiments were extracted into MS2 files using Raw2MS2.exe (17, 18) . Spectra were then assigned charge using MS2ZAssign (18) and searched against the predicted protein databases using the DBDigger algorithm (19) in fully tryptic mode with the Multinomial Algorithm for Spectral Profile-based Intensity Comparison (MASPIC) scorer (18) . No limit on missed cleavages was specified. The P. sojae protein database used was Psojae_proteins_VMD_V-1.0, release date July, 29, 2004 , and included 19,027 P. sojae proteins as well as 52 common contaminants. The P. ramorum protein database used was Pramorum_proteins_VMD_V-1.0, release date July 29, 2004 , and included 15,743 P. ramorum proteins as well as 52 common contaminates. Search results were filtered with the DTASelect algorithm (20) using filter values allowing a 5% false discovery rate (supplemental Table S1 ) based on a concatenated reversed protein database search as described previously (16) . Briefly spectra from one representative MudPIT experiment for each organism were searched against a protein database containing the respective organism's protein sequences, the contaminants, and the reversed sequences of both proteins and contaminants (essentially representing random entries with the same amino acid composition and length). Filter values allowing one hit to the reverse database for every 19 to the forward database (5% false discovery rate) were determined using the SQTRevPuller algorithm (21) and applied thereafter to all search results for the same organism. For all searches, a fixed modification of ϩ57 Da on cysteine residues was included as cysteines were considered to be fully carboxamidomethylated. No variable modifications were included. Protein identification required two peptides per protein for identification. Mass tolerance for precursor ions was 3 Da, and mass tolerance for fragment ions was 0.5 Da. Comparison between protein lists was carried out using Microsoft Access and Perl scripts. To make comparisons between life stages, the union of the duplicate MudPIT results of the germinating cyst was compared with the union of the duplicate MudPIT results of the mycelium from the same organism.
Spectral count was considered as the total number of MS/MS spectra corresponding to peptides from a given protein. Normalization of spectral counts was done using normalized spectral abundance factors (NSAFs) as described previously (22) . Proteins groups that shared all of their peptides were assigned an NSAF value equal to the NSAF value for the group divided by the number of proteins in the group. A protein was determined to be up-regulated in one life stage versus another if (i) it was identified in both MudPIT duplicates of the up-regulated life stage and (ii) the sum of the normalized spectral counts from both duplicates was at least 5 times higher than the sum of normalized spectral counts in the other life stage duplicates. For statistical significance, a G-test was performed such that for each protein the sums of normalized spectral counts in each life stage were tested against the null hypothesis that they are not different from an expected 1:1 ratio with a two-tailed p value Ͻ0.05.
Gene Ontology (GO) annotations as well as Eukaryotic Orthologous Groups (KOG) annotations were downloaded from the United States Department of Energy Joint Genome Institute Website into a Microsoft Access relational database and associated with their corresponding protein IDs. Signal peptide assignment was done using a local copy of SignalP (Center for Biological Sequence Analysis, Technical University of Denmark).
Orthology was determined by reciprocal BLASTp of the P. sojae and P. ramorum protein databases. A pair of proteins was assigned orthology if both proteins were the best hit on their partner's BLAST results and had an E value Ͻ10 Ϫ50 (supplemental Table S2 ). Differential expression between orthologous proteins was determined as described above for a protein in different life stages.
To make comparisons between the two organisms, the union of the duplicate MudPIT results of each life stage from P. ramorum was compared, based on orthology, with the union of duplicate MudPIT results from the same life stage in P. sojae. For identification of host range-specific candidates, the raw lists of organism-specific proteins (supplemental Tables S3 and S4 ) were manually examined. Steps that were taken to identify host range-specific candidate from the raw lists included (a) high spectral count for confident protein identification and abundance, (b) observation of KOG and GO annotation, (c) BLASTp against the other organism protein database for identification of homologs with similar expression, (d) BLASTp against the non-redundant protein database for identification of homologs in other species, (e) ClustalW alignment with homologous proteins to confirm homol-ogy, (f) Pfam analysis for domain identification, and (g) literature search. All raw data and the supporting analysis are available upon request.
RESULTS AND DISCUSSION
Comparison of the Global Proteomes of Germinating Cyst and Mycelium Life
Stages-Infection of a plant host by Phytophthora can be initiated when a Phytophthora zoospore adheres and encysts on the plant tissue, produces a germ tube, gains access to the plant host, and starts growing vegetatively throughout the plant tissue as mycelium. We investigated the proteomic differences between the germinating cyst and mycelium life stages from P. sojae and P. ramorum by MudPIT to identify candidate proteins that might be involved in early infection. Duplicate MudPIT experiments were carried out on each of the life stages from P. ramorum and P. sojae. Altogether 3897 P. ramorum and 2970 P. sojae proteins were identified. In the germinating cyst 2065 and 2089 P. ramorum proteins were identified in the first and second replicates (supplemental Tables S5 and S6) , respectively, with 1293 of them found in both replicates (63% reproducibility). In the P. ramorum mycelium 1966 and 1962 proteins were identified in the first and second replicates (supplemental Tables S5 and S6) , respectively, with 1339 of them found in both replicates (68% reproducibility). For P. sojae 1940 and 1779 germinating cyst proteins were identified in the first and second replicates (supplemental Tables S5 and  S7) , respectively, with 1248 of them found in both replicates (70% reproducibility). In the P. sojae mycelium 1313 and 1216 proteins were identified in the first and second replicates (supplemental Tables S5 and S7) , respectively, with 825 of them found in both replicates (68% reproducibility). It should be noted that the major factor in reducing reproducibility comes from identification of low abundance proteins from which two peptides happened to be sampled in one replicate but not the other. For abundant proteins the reproducibility rate was much higher than stated above.
One group of proteins that was identified in both life stages of both organisms included superoxide dismutases, catalases, and peroxidases. These enzymes break down reactive oxygen species (23) (24) (25) (26) that are produced as by-products of aerobic respiration as well as by plant defense mechanisms in response to pathogens (27) (28) (29) . It has been shown that pathogenesis of certain bacteria and fungi can be correlated to their reactive oxygen species-inactivating enzymes (30 -32) . Thus, constituent expression of these proteins in Phytophthora may contribute to their success as plant pathogens.
On average, 14% of all identified proteins in each organism had a predicted signal peptide and are thus likely secreted or membrane proteins. This number of secreted or membrane proteins is high, especially considering that only an estimated 8% of all predicted genes in the genome are predicted to be secreted (5, 6) and that the protein preparations were not designed specifically to contain such proteins (only crude soluble fractions of total lysates were analyzed). Among others, these signal peptide-containing proteins included peptidases and other hydrolases, chaperones, transporters, and structural molecules. Among the secreted proteins, 42 P. sojae and 46 P. ramorum proteins contained the RXLR motif within the first 30 -60 residues of the N terminus, possibly classifying them as members of the RXLR family, a group of effector proteins that is thought to be targeted to the host cell cytosol where they manipulate host defense responses (33) (34) (35) .
Relative Protein Expression-For relative protein expression analysis, protein abundance was determined based on normalized spectral counts (see "Experimental Procedures"). Spectral count has been shown to provide a reliable parameter for estimation of relative protein abundance in proteomes up to at least 3 orders of magnitude (36) . Normalization of spectral count according to published protocols (22) was done to meaningfully compare protein abundances across different experiments. Within the same experiment normalization minimizes the bias of higher spectral count number toward longer proteins, and between different experiments it minimizes differences that may arise due to variation in experimental procedures (initial protein concentration in each sample, protein digestion efficiency, instrument performance, etc.). Each identified protein was associated with its GO and KOG annotations, and proteins were clustered into functional groups based on their KOG annotation. The proportion of each functional category of the total was calculated based on the sum of normalized spectral counts of all proteins in each category. A breakdown of the identified proteomes of the mycelium and germinating cyst life stages of P. ramorum and P. sojae is shown in Fig. 2 . Very few functional categories changed significantly, and the proportion of most categories remained fairly constant between germinating cyst and mycelium (Fig. 2) . These results indicate that although some distinct processes are taking place in each life stage other common functions are being carried out in both.
To focus on cellular processes that are unique to each of the life stages, subset proteomes were compiled that contained only those proteins that were differentially expressed between germinating cyst and mycelium. A protein was considered to be up-regulated in a specific life stage if its abundance, based on normalized spectral counts, was at least 5-fold higher than in the other life stage (see "Informatics" under "Experimental Procedures"). 686 proteins were determined to be differentially expressed between germinating cyst and mycelium for P. ramorum (supplemental Table S8 and Fig. 3) , and 513 proteins were determined to be differentially expressed between germinating cyst and mycelium for P. sojae (supplemental Table S9 and Fig. 3) . A G-test on normalized spectral counts between the life stages returned a statistical significant difference for all of these differentially expressed targets (with a p value Ͻ0.05) (data not shown). When examining only the differentially expressed proteins, the pro-teomic differences between germinating cyst and mycelium become more apparent (Fig. 4) . Thus, ignoring the common background (i.e. housekeeping proteins with equivalent abundance in both life stages) aids in emphasizing the differences between the two. Interestingly the proportion of unknown proteins increases dramatically in the differentially expressed protein sets as compared with the global proteome analysis (compare Fig. 2 with Fig. 4 ), suggesting that many life stagespecific proteins have yet to be characterized in these or other related organisms.
Germinating Cyst Proteome-In the germinating cyst life stage from both P. sojae and P. ramorum, three KOG categories showed a substantial increase in expression as compared with mycelium: translation, ribosomal structure, and biogenesis (protein synthesis); cytoskeleton; and lipid transport and metabolism (Fig. 4) . Up-regulated proteins in the lipid transport and metabolism category included an array of proteins spanning the entire ␤-oxidation pathway, which is the process of fatty acid catabolism (37) (Fig. 5) . These include acyl-CoA synthases (activates fatty acids), carnitine O-acyltransferase (transports peroxisomal activated fatty acids into the mitochondria), acyl-CoA dehydrogenase (catalyzes fatty acid oxidation), and hydroxyacyl-CoA dehydrogenase (subsequent oxidation of fatty acids) among others. Based on this, it appears that the source of energy production prior to penetration and harvesting of host resources is via lipid catabolism. A previous study in Phytophthora infestans found one component of this pathway, acyl-CoA synthetase, to be upregulated in germinating cyst (38) , leading the authors to hypothesize lipid metabolism as one of several possible energy production resources. Considering this, our results suggest that germinating cyst ␤-oxidation may be applicable FIG. 2 . Distribution of protein functional categories in the global proteomes of the germinating cyst and mycelium of P. ramorum and P. sojae. Each identified protein was associated with its KOG annotation, and protein categories were clustered based on their KOG functional annotation. The proportion of each protein of the total was calculated based on NSAFs as described previously (22) . a, each pie chart represents the union of duplicate MudPIT experiments. The numbers in parentheses represent the number of proteins in the respective functional category. b and c, for comparison purposes, all functional categories with Ͼ5% of the total are presented as column charts.
across the entire genus. Although it occurs in peroxisomes and mitochondria of mammals and some algae, ␤-oxidation occurs exclusively in peroxisomes of plants and fungi (37, 39) . Both peroxisome-and mitochondrion-specific proteins were identified, suggesting ␤-oxidation in both organelles. Thus, ␤-oxidation of fatty acids in both organelles suggests a closer evolutionary connection of Phytophthora to animals than to plants or fungi.
An increase in the translation, ribosomal structure, and biogenesis category and cytoskeleton category is consistent with the process of cyst germination. During this process, the cyst produces a long germ tube that, during infection, penetrates host plant tissue. Presumably production of the germ tube requires large amounts of cytoskeleton proteins as well as other proteins, and thus a concomitant increase in the mentioned categories is expected. Supporting this notion is the fact that in both organisms several proteins associated with microtubule-based movement were up-regulated in the germinating cyst life stage but were absent or down-regulated in mycelium. These proteins may be involved in shuttling   FIG. 2-continued specific proteins destined for interaction with the host to the extremities of the germ tube. An increase in the translation, ribosomal structure, and biogenesis category may also represent ramping of protein production in the transition from a cyst to vegetative growth as mycelium. These results are consistent with previous studies (38, 40 -42) that suggested up-regulation of de novo RNA and protein synthesis in the germinating cyst of other Phytophthora species.
Notably lipid metabolism via the peroxisomal ␤-oxidation pathway has been shown to be essential for Arabidopsis seedling growth (43) (44) (45) (46) . Components of the ␤-oxidation pathway have also been shown to be involved in the control of seed germination in Arabidopsis (47, 48) and have been shown to play a critical role in appressorium (the preinfective structure produced by the germinating cyst) function of the fungus Magnaporthe grisea (49) . Cytoskeleton proteins such as actin and tubulin have also been shown to be important in germination of Arabidopsis seed (50) and rice pollen (49) as well as in spore germination of filamentous fungi such as Aspergillus nidulans (51) . Finally increased protein synthesis has also been shown to occur in plant seed, plant pollen, and fungal spore germination (49, 52, 53) . All of these point to potentially conserved mechanisms for germination for plants, fungi, and oomycetes.
In Arabidopsis it has been shown that protein synthesis during seed germination is dependent on mRNA that has been presynthesized during seed maturation (53) . Although it was abolished in the presence of a translational inhibitor, seed germination was able to proceed in the absence of transcription. The fact that a large increase was observed for the translation, ribosomal structure, and biogenesis category in the germinating cyst (Fig. 4) but no increase was observed for the transcription category (remained less than 1%) may suggest a similar mechanism in which protein synthesis in the germinating cyst is dependent on mRNA presynthesized earlier in the life cycle, perhaps during zoospore encystment.
63 orthologous protein pairs were up-regulated in the germinating cyst of both organisms ( Fig. 3 and supplemental Table S10 ). Thus, they were identified as candidates for involvement in early infection. A group of four such orthologous protein pairs was highly up-regulated in the germinating cyst of both organisms but completely undetected in the mycelium samples (one example in Table I ). These proteins were annotated as structural molecules, and although they vary in sequence, they all share multiple "laminin-type epidermal growth factor (EGF)-like" domains. The EGF-like domain is a sequence of 30 -40 amino acids found in EGF as well as in many other proteins from various organisms (54) . This domain is typically found in the extracellular domain of membranebound proteins or in secreted proteins (54, 55 ) that typically mediate cell adhesion, growth migration, and differentiation (56 -59). All Phytophthora proteins in this group are predicted to contain a signal sequence, indicating that these proteins may be acting at the interface between the host and the pathogen. These proteins may play a part in adhesion of the cyst to the plant host and facilitate both germination of the cyst on the plant tissue and penetration of the germ tube into the host tissue. BLAST searches of these Phytophthora proteins showed high sequence similarity to the products of three sexually induced genes (SIG1, SIG2, and SIG3) in the diatom Thalassiosira weissflogii. The SIG proteins also show a striking similarity to other extracellular proteins involved in cell-cell interactions (60) , supporting the hypothesis that the corresponding P. sojae and P. ramorum proteins are involved in interaction with their plant hosts. Another pair of similarly regulated orthologs includes P. ramorum protein ID 83420 and P. sojae protein ID 142672. Both proteins were highly up-regulated in germinating cyst (Table I) . Although the function of these proteins is unknown, they contain multiple ricin-B lectin domains. Ricin is a lectin found in castor beans and is toxic to people, animals, and insects. The ricin-B lectin domain is found in many carbohydrate recognition proteins including plant and bacterial ABtoxins, glycosidases, or proteases (61-63). Up-regulation in the germinating cyst life stage may be directed at interaction with host carbohydrate moieties such as sugars or glycoproteins as a part of the chemical warfare that occurs between the pathogen and the host.
A final example of proteins potentially involved in early infection includes two orthologous pairs annotated as lysosomal ␣-mannosidases. These proteins were all up-regulated in germinating cyst (Table I) . Lysosomal ␣-mannosidase is an enzyme that mediates the catabolism of N-linked carbohydrates released during the glycoprotein degradation process (64) . An increase in expression of these proteins in the germinating cyst may indicate increased internal glycoprotein turnover in the transition from cyst to mycelium or perhaps even degradation of secreted host glycoprotein taken up by the pathogen.
Mycelium Proteome-When compared with germinating cyst, the portion of differentially expressed proteins involved in transport and metabolism of amino acids, carbohydrates, coenzymes, and secondary metabolites consistently increased in the mycelium of both organisms (Fig. 4) . The greater representation of proteins involved in carbohydrate   FIG. 4 . Distribution of protein functional categories in the differentially expressed proteomes of the germinating cyst and mycelium of P. ramorum and P. sojae. Each identified protein was associated with its KOG annotation, and protein categories were clustered based on their KOG functional annotation. The proportion of each protein of the total was calculated based on NSAFs as described previously (22) . Only proteins that were determined to be differentially expressed (see "Experimental Procedures") were included in this analysis. a, each pie chart represents the union of duplicate MudPIT experiments. The numbers in parentheses represent the number of proteins in the respective functional category. b and c, for comparison purposes, all functional categories with Ͼ5% of the total (with the exception of the "unknown" category) are presented as column charts. transport and metabolism is not surprising considering that the mycelium is the vegetative growth life stage in which the organism utilizes nutrients from its environment. When Phytophthora grows necrotrophically inside the plant tissue, the environment in which the mycelium is present is rich in carbohydrates from the plant host, and utilization of these molecules is advantageous for the pathogen. Although most proteins in this category are associated with carbohydrate transport and glycolysis (catabolism of glucose for energy production), proteins in the other up-regulated mycelium functional categories are associated with biosynthesis. Thus, it appears that Phytophthora mycelium utilizes external glucose as an energy source to drive biosynthesis of amino acids and other small molecules necessary for vegetative growth.
FIG. 4-continued
Cross-species Proteomics of Phytophthora
Other classes of proteins up-regulated in the mycelium life stage included transporters, permeases, various lyases, kinases, and oxidoreductases (supplemental Tables S8 and  S9 ). 26 orthologous proteins were up-regulated in the mycelia of both organisms and were identified as candidates for involvement specifically in vegetative growth (Fig. 3 and supplemental Table S10 ). One such pair includes P. sojae 132631 and P. ramorum 75997 (Table I) . These proteins are coproporphyrinogen-III oxidases, an enzyme class participating in the process of heme biosynthesis (65) . Heme and its derivatives are cofactors of different enzymes in different organisms, including cytochromes in the respiratory chains. In yeast, the rate-limiting coproporphyrinogen oxidase is transcriptionally induced under low oxygen conditions (66, 67) , thus increasing heme production and possibly enabling improved respiration. Although it is unclear whether similar regulation of this enzyme occurs in Phytophthora, it is interesting to speculate that up-regulation of this enzyme during growth of the mycelium through the plant tissue, where oxygen levels are low, allows survival of the pathogen inside the plant tissue.
Other orthologous protein pairs up-regulated in mycelium are P. sojae 144346 and P. ramorum 85749 as well as P. sojae 145567 and P. ramorum 87858 (Table I) . A close examination of the genomic sequence suggested that these were misannotated gene models encoding a single P. ramorum protein and a single P. sojae protein. These are annexin-like proteins, a family of eukaryotic Ca 2ϩ -dependent phospholipid-binding proteins involved in diverse functions such as exocytosis, membrane fusion, phospholipase inhibition, and Ca 2ϩ channel regulation (68 -70) . P. ramorum 87858 has been identified previously as a mycelial cell wall-associated protein (71) . Although the exact function of these Phytophthora annexins is unknown, they may be important for mycelial growth through the host tissue.
A final example of candidates that might be important for vegetative mycelium growth includes two orthologous protein pairs: P. sojae 127024 and P. ramorum 77742 (Table I) and P. sojae 127026 and P. ramorum 77744. These proteins contain catalytic domains similar to phospholipase D (PLD). PLDs are enzymes that hydrolyze the terminal phosphodiester bond of phospholipids into free choline and phosphatidic acid, a compound heavily involved in signal transduction (72) . Phytophthora PLDs have unusual domain organization and composition as compared with other known eukaryotic PLDs and are thought to participate in non-typical biochemical pathways (73) . The up-regulation of these proteins in the Phytophthora mycelium may facilitate signal transduction or other biochemical processes important for growth inside the plant tissue.
FIG. 5. Lipid catabolism via the ␤-oxidation pathway.
Multiple enzymes involved in the catabolism of fatty acids were found to be up-regulated in the germinating cyst of P. sojae and P. ramorum. For simplicity, the cofactors, reducing agents, water molecules, ATP molecules, etc. were excluded from the diagram, leaving only the proteins and substrates. The diagram is based on Kunau et al. (37) .
Identification of Candidate Proteins Involved in Host
Specificity-The host ranges of P. sojae and P. ramorum are very different. Although P. ramorum can infect a broad range of plant hosts, including many varieties of trees and shrubs, P. sojae can only infect certain varieties of soybean (Glycine max). The ability of P. sojae and P. ramorum to infect different hosts must be represented in their proteomic makeup. Therefore, the proteomes of the same life stage from P. sojae and P. ramorum were compared to identify candidate proteins involved in host range specificity. Orthologous proteins that did not follow a similar expression pattern and proteins with no orthologs that were expressed in one organism can be considered as such candidates. The list of proteins following these criteria was large (Fig. 6 and supplemental Tables S3,  S4 , and S11). In addition to proteins involved in host specificity, this list likely contained proteins that account for other differences between P. sojae and P. ramorum, such as adaptation to growth environment (below ground versus foliar), sexuality (self-fertile versus outcrossing), and different metabolic requirements. We therefore examined the list manually for proteins whose predicted function suggests involvement in host specificity.
Candidate P. sojae Proteins Involved in Soybean Specificity
(Narrow Host Range)-Many of the proteins that were identified as candidates specifically involved in P. sojae host range were annotated as protein or carbohydrate hydrolases. One such example is P. sojae protein ID 127028 ( Table I) that was found to be up-regulated in the germinating cyst. No P. ramorum ortholog was identified for this protein, and P. ramorum proteins that shared sequence similarity with it were undetected in both life stages of P. ramorum. This protein belongs to the glycosyl hydrolase family 81 (␤-1,3-glucanases) and shares sequence similarity with glycosyl hydrolases from different fungi. Glycosyl hydrolases are enzymes that catalyze hydrolysis of the glycosidic bond between carbohydrates or between a carbohydrate and a non-carbohydrate molecule (74) , and this protein may be involved in degradation of specific soybean polysaccharides or glycoproteins.
A second interesting group of proteins that may be specific to soybean infection includes 31 P. sojae proteins with high sequence similarity to the crinkling-and necrosis-inducing proteins CRN2, CRN3, CRN5, CRN7, and CRN13 from P. infestans. Nearly all of these P. sojae proteins were found to be up-regulated in the germinating cyst life stage, although some less than 5-fold (supplemental Table S12 ; two examples are presented in Table I ), and had no P. ramorum orthologs. The CRN family of proteins is unique to Phytophthora (75) . Although their function is not precisely defined, members of this family are secreted proteins that have been suggested to play an important part in the interaction with the host plant (38) . Both resistant and susceptible host plants showed a necrotic response as well as other defense responses to virally transduced P. infestans crn2 (75) . It is possible that these P. sojae proteins are required for successful infection initiation of soybean but not for P. ramorum hosts.
A final example of a protein that may contribute to successful infection of soybean is P. sojae 140694. This is an extracellular protein that was highly up-regulated in the mycelium (Table I) . Although multiple homologous proteins are predicted in P. ramorum, most of them were undetected, none were up-regulated in the mycelium life stage, and some were slightly up-regulated in the germinating cyst. This P. sojae protein shares sequence and domain similarity with the cellulose-binding elicitor lectin (CBEL) group of Phytophthora proteins. CBELs are glycoproteins that are localized to the Phytophthora cell surface and elicit hypersensitive responselike necrosis and defense gene expression in the host plant (76, 77) . Functionally they are implicated in adhesion and cell wall structure as well as in sensing exogenous cellulose (78) . The unique expression pattern of P. sojae 140694 may represent a specific adaptation to soybean invasion or evasion from its early defense responses. Another possibility is that the broad host range P. ramorum has a more elaborate regulation of its homologous CBEL proteins and expresses them only in the presence of a specific host.
Candidate P. ramorum Proteins Involved in Broad Host Range Capability-Proteins uniquely expressed in P. ramorum may contribute to its ability to infect a broad range of hosts. As was the case for P. sojae, the identified candidates included peptidases and other hydrolases, oxidoreductases, and kinases. Another family of P. ramorum proteins that may be involved in broad host range infection ability includes protein IDs 78733, 78734, 78735, 78744, 86077, and 86078. All of these proteins were found to be up-regulated in P. ramorum mycelium (example in Table I ). Although four of the six proteins had orthologs in P. sojae, these orthologs as well as non-orthologous proteins with sequence similarity were not detected in both life stages of P. sojae. Although annotated as unknowns, these P. ramorum proteins show high similarity to a predicted nucleoside-diphosphate-sugar epimerase from the plant-pathogenic ascomycete fungus Gibberella zeae (anamorph Fusarium graminearum), the causative agent of head blight of wheat (79) . Epimerases are ubiquitous enzymes that change the stereochemistry of carbohydrate moieties and are involved in many cellular processes (80) . In bacteria epimerases are involved in production of complex carbohydrate polymers that, when incorporated into the cell wall or envelop, protect the cell from its host's immune responses (80) . Although some epimerases are involved in vital cellular processes, such as the Calvin cycle in plants (80) , it is possible that because their P. sojae counterparts were not detected these P. ramorum proteins are epimerases involved in production of carbohydrates that protect P. ramorum from its different plant hosts or allow utilization of a broader range of host sugars.
As a final example, protein 76706 was found to be up-regulated in the mycelium of P. ramorum, and no direct ortholog to it was identified in P. sojae (Table I) . Although multiple P. sojae proteins showed high sequence similarity to it, none were expressed at a significant level. This P. ramorum protein was annotated as a sugar transporter of the major facilitator superfamily. Proteins of this family are integral membrane proteins capable of transporting a wide variety of substrates, including simple sugars, oligosaccharides, inositols, drugs, amino acids, nucleosides, organophosphate esters, Krebs cycle metabolites, and many different organic and inorganic ions (81) . One possibility is that uptake of certain molecules present in the protoplast of the host plant by the P. ramorum mycelium assists survival and growth of the pathogen inside the plant tissue.
Conclusions-A novel proteomics strategy for identification of candidate proteins involved in different cellular processes FIG. 6 . Identification of candidate proteins for involvement in narrow versus broad host range capabilities. The total identified proteome (union of two MudPIT experiments) of each P. ramorum life stage was compared with the proteome of the same life stage from P. sojae (top and bottom overlapping circles). Overlapping regions represent orthologous proteins found in both, whereas non-overlapping regions represent proteins with no orthologs and proteins whose orthologous counterparts were not identified in the other organism. Also orthologous proteins that were identified in both organisms but followed a different expression pattern with respect to the life stages (middle overlapping circles) were also identified as candidates for host range capabilities. Pr, P. ramorum; Ps, P. sojae.
was applied to two life stages of two Phytophthora species. 91 orthologous protein pairs that followed similar expression patterns in P. ramorum and P. sojae were identified as candidates for early infection or for vegetative growth. Many species-specific proteins were identified, some of which were suggested as candidates for broad or narrow host range capability. These include peptidases and other hydrolases, transporters, and proteins involved in signal transduction mechanisms. Global analysis of the germinating cyst proteome from both species showed increased production of proteins involved in lipid transport and metabolism, cytoskeleton, and protein synthesis. Global analysis of the mycelium life stage showed increased production of proteins involved in transport and metabolism of many molecules, including amino acids, carbohydrates, coenzymes, and secondary metabolites.
Based on these finding we propose a model in which germinating cysts of Phytophthora catabolize lipid reserves through the ␤-oxidation pathway as an energy source (Fig.  7A ). This energy is used to gear up protein production in the transition from a cyst to mycelium as well as for the production of the germ tube and initiating infection. During the process of germination, structural cytoskeleton proteins are upregulated for construction of the germ tube, and proteins involved in microtubule-based movement are up-regulated for shuttling of molecules required for successful infection to the terminal end of the germ tube where interaction with the plant host takes place. The germinating cyst adheres to the plant host through the expression of secreted and membrane structural proteins, including laminin-type EGF-like domain-containing proteins. Combating host defenses is achieved through expression of enzymes that manipulate host defenses or degrade host proteins and carbohydrates.
Once inside the host tissue, the pathogen grows vegetatively as mycelium. At this life stage, the pathogen absorbs its nutrients from the degraded tissue of its plant host. Specifically the host nutrients are utilized as fuel to drive glycolysis, and the energy that is produced by this process is utilized to drive synthesis of amino acids and other small molecules necessary for vegetative growth (Fig. 7B) .
Each Phytophthora species expresses a unique set of proteins during infection. These include proteases and other hydrolyzes as well as proteins that are involved in proteinprotein interaction and in signal transduction. P. sojae, which has a narrow host range and can only infect soybean, uniquely expresses a group of crinkling-and necrosis-inducing proteins during cyst germination that may contribute to its specificity for soybean. P. ramorum, which has a broad host range, uniquely expresses a group of proteins involved in sugar transport and modification during vegetative growth that may aid in infection of its different hosts. The hypothetical role of targets identified in this study may be examined in the future using molecular tools available for Phytophthora manipulation, including RNA interference, targeted induced local lesions in genomes (TILLING), transformation, and classical genetics. Indeed our future study will focus on further characterization of early infection and species-specific targets identified in this study.
With few exceptions, our proteomics study agrees with or complements results from several transcriptomics studies carried out in Phytophthora (82) (83) (84) (85) . Recent studies of P. sojae (83, 85) and Phytophthora parasitica (82) identified multiple expressed sequence tags representing genes involved in glycolysis in mycelium or in planta. Contrary to our results, differential hybridization analysis of cDNA libraries from Phytophthora nicotianae identified glycolytic genes to be upregulated in the germinating cyst (84) . However, in accordance with our finding, the same study did show up-regulation of genes encoding proteins involved in protein biosynthesis, cell wall biogenesis, and adhesion in the germinating cyst. Using two-dimensional gel electrophoresis and real time RT-PCR in P. infestans, Grenville-Briggs et al. (86) identified five FIG. 7 . Proposed model for Phytophthora germinating cyst and mycelium metabolic regulation. Based on the proteins that were found to be up-regulated in their respective life stages, it is proposed that the germinating cysts catabolize internal lipid reserves and use this energy for extensive protein synthesis including cytoskeleton and motor proteins required for generation of the germ tube (A). Adhesion proteins are also up-regulated and mediate adhesion of the germinating cyst to the plant. Once inside the host, Phytophthora grows vegetatively as mycelium where host sugars are transported and utilized as an energy source for glycolysis (B). Energy derived by this process is used to drive synthesis of many small molecules, including amino acids, coenzymes, and secondary metabolites.
genes involved in amino acid biosynthesis to be up-regulated in both appressorium-forming germinating cyst and potato infection. With one exception (threonine synthase), homologs of all of these genes in P. sojae and P. ramorum were found to be somewhat up-regulated in mycelium in this study. Torto et al. (85) have also identified many expressed sequence tags representing P. sojae genes potentially involved in pathogenicity, such as hydrolases, elicitins, CRNs, and RXLR proteins. The proteomics study presented here not only corroborates the presence of these gene products but also suggests their temporal expression. Any discrepancy between our proteomics identification and previous transcriptomics studies might be explained by sampling bias of each technique, biological variation of different species, different growth conditions or sample preparation, or a true lack of correlation between the mRNA level and protein level in the cell.
Currently the genomes of Phytophthora capsici and P. infestans are being sequenced. Both organisms have host ranges that are very different from those of P. sojae and P. ramorum. Our future plans are to expand the cross-species proteomics analysis to include these newly sequenced Phytophthora species. This should prove useful for testing whether the proteins identified in this study are life stage-or host range-specific and will help refine the model described above. Additionally once a susceptible host is fully sequenced, a proteomics study of Phytophthora as it infects the plant will allow examination of our infection model. And finally, the strategy for cross-species comparative analysis outlined here provides a powerful strategy for investigating biological processes in closely related organisms.
* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
